Purpose: Magnetic resonance guided teletherapy systems aspire to image the patient concurrently with the radiation delivery. Thus, the radiofrequency (RF) coils used for magnetic resonance imaging, placed on or close to patient skin and in close proximity to the treatment volume, would be irradiated leading to modifications of radiation dose to the skin and in the buildup region. The purpose of this work is to measure and assess these dose modifications due to standard off-the-shelf RF coil materials. Methods: A typical surface coil was approximated as layered sheets of polycarbonate, copper tape, and Teflon to emulate the base, conductor, and cover, respectively. A separate investigation used additional coil materials, such as copper pipe, plastic coil housing, a typical coil padding material, and a thin copper conductor. The materials were placed in the path of a 6 MV photon beam at various distances from polystyrene phantoms in which the surface and buildup doses were measured. The experiments were performed on a clinical Varian linac with no magnetic field and with a 0.21 T electromagnet producing a magnetic field parallel to the beam central axis. The authors repeated similar experiments in the presence of a 0.22 T magnetic field oriented perpendicular to the beam central axis using an earlier linac-MR prototype, with a biplanar permanent magnet. The radiation detectors used for the measurements were two different parallel plate ion chambers and GAFChromic films.
INTRODUCTION
Over the past decade, various research groups have been integrating medical linear accelerators (linac) with magnetic resonance imagers (MRIs). [1] [2] [3] An integrated linac-MR system will offer an unprecedented level of accuracy for radiation delivery, by combining the skin sparing and penetration of the high-energy linac with the superior soft tissue contrast and real-time imaging capabilities of the MRI. MR images of the patient acquired during irradiation will offer real-time tumor visualization for tumor tracking, potentially increasing the dose delivered to the tumor and reducing the dose to the surrounding healthy tissue.
Currently, the UMC Utrecht center (The Netherlands) has developed an integrated system consisting of a cylindrical bore, 1.5 T Philips MRI with a 6 MV Elekta linac which rotates on a ring gantry around the MRI scanner. 2 The Ingham Research Institute (Sydney, Australia) is developing an open bore 1 T Agilent Technologies MRI coupled to a Varian 6 MV linac. 4 The linac-MR system developed at the Cross Cancer Institute (Edmonton, Canada) consists of a biplanar MRI mechanically coupled to a 6 MV linac, with the whole assembly rotating on a common gantry (rotating biplanar). Two human linac-MR prototypes have been built here to date: a head sized 0.22 T unit (Prototype I) and a whole-body sized 0.56 T unit (Prototype II). In Prototype I, the linac irradiates through one of the open ends, between the biplanar MRI's pole plates. This system and the Utrecht unit are referred to as a transverse configuration linac-MR since the MRI's main magnetic field is perpendicular to the radiation beam's central axis (CAX) in both cases. For Prototype II, the pole plates have an open port, to allow the radiation to reach the patient. This system is termed a parallel configuration linac-MR since the MRI's main magnetic field is parallel to the beam CAX. Some of the dosimetric effects for both the transverse and parallel linac-MR configurations have been investigated by our group [5] [6] [7] [8] and by others. [9] [10] [11] [12] The presence of MRI's main magnetic field and its fringe alters the trajectory of secondary electrons resulting from photon irradiation both inside and outside the patient. For a transverse configuration system, the contaminant electrons that accompany the high energy photons 13 are swept from the beam by the magnetic field. However at tissue-air or tissue-lung interfaces, the magnetic field causes the exiting electrons to return back to the tissue, drastically increasing the distal dose. 9 Inverse planning based optimization, including the effects of the magnetic field, has been suggested as a possible solution to reduce the impact of this electron return effect (ERE) in head and neck and prostate radiotherapy 14 for the transverse configuration. Parallel opposed fields have also been suggested as a simple way to reduce the effect of ERE. 9 The parallel configuration systems will confine secondary electrons within the beam aperture, resulting in sharper penumbras 15 and eliminating the problem of returning electrons. 6 This also means that the contaminant electrons produced by the high energy photon beam in the linac head and irradiated air column have a reduced lateral scatter which can increase the entrance surface dose. 7, 12 However, it has been determined 7, 8 that the surface dose increase is minimal for parallel configuration systems that have low magnetic fringe fields at the linac head.
Another source of dose perturbation in an integrated linac-MR system is the MRI's radio-frequency (RF) coils. During imaging, MRI uses RF coils to both excite the nuclear spins in the imaged volume and to acquire the signal from their subsequent relaxation. To pick up MR signals efficiently, the receive RF coils have to be in close proximity to the patient with separations typically ranging from ∼0 cm (for surface coils) to ∼10 cm (for other solenoidal or birdcage type coils). Regardless of whether a transverse or a parallel configuration linac-MR is used, for real-time tumor tracking, the imaged volume has to contain the treated volume. Using commercially available RF coils implies that the patient will probably be irradiated through the RF coil. A typical RF coil consists of a copper conductor, plastic casing that electrically insulates the conductor from the patient, and the tuning and matching electronics. The parts of the RF coil, which touch the patient, usually have a layer of foam padding as well. Thus, the high-energy photon beam will have to pass through all, or at least some of these materials, before reaching the patient. Any material inserted in the path of the beam is known to increase the patient surface and build-up dose and attenuate the photon beam. 16 A previous study 17 investigated the effects of a flexible RF coil on patient dose distribution, using an in-house developed treatment planning software that accounted for the presence of the 1.5 T transverse magnetic field. Comparing dose distributions calculated with and without the RF coil, it was determined that the flexible coil would have a minimal impact on the target volume dose. However, experimental measurements of surface and buildup dose modifications due to RF coils in parallel and transverse magnetic fields have not been presented previously.
This study experimentally investigates the surface and buildup dose changes for some standard, off-the-shelf RF coil materials in both parallel and transverse magnetic fields. Depth dose was measured with these materials placed in the path of a 6 MV photon beam at various distances from the surface of polystyrene phantoms. Data were acquired with no magnetic field present, with a transverse 0.22 T magnetic field and with a parallel 0.21 T magnetic field applied during the irradiation.
MATERIALS AND METHODS

2.A. Surface and buildup dose measurements using ion chambers
An extrapolation chamber can accurately measure surface dose. However various fixed separation parallel plate ion chambers (ppic) have been used over the years, and the differences in measured surface dose between these chambers and extrapolation chamber measurements are well documented. 18 For the ion chamber measurements in this study, the dose measured with the entrance window aligned with the phantom surface was taken as the surface dose. Thus the effective point of measurement was at the bottom of the front entrance window as suggested by the manufacturers.
The measurements without magnetic field were performed using a thin window Capintec PS-033 (Capintec, Inc., Ramsey, NJ) ppic, embedded in a custom-built polystyrene phantom (ρ poly = 1.04 g/cm 3 ) machined to provide a tight fit for the ion chamber. The ion chamber and polystyrene phantom were placed on the couch of a Varian Silhouette clinical unit (Varian Medical Systems, Palo Alto, CA) and irradiated using F. 1. Polystyrene phantom with embedded Capintec PS-033 ppic. The imitation surface RF coil (1.5 mm PC, 0.08 mm copper tape, and 0.9 mm Teflon) was placed at various distances from the surface in the path of the 6 MV beam. 6 MV photons (Fig. 1) . For these measurements, the phantom source to surface distance (SSD) was the standard 100 cm and a 10 × 10 cm 2 field size was used. The linac-MR Prototype I (Ref. 1) was used for the transverse magnetic field measurements. This headscale prototype uses a Varian 600C accelerating structure to provide 6 MV photon irradiation between the pole plates of the biplanar permanent magnet. At the time of the measurements using this unit, the 600C accelerating structure only had the primary collimator installed. Thus, all the experiments performed with a transverse magnetic field used an uncollimated circular field. Although the uncollimated beam will have different treatment head electron contamination compared to the previous standard setup, the 0.22 T transverse magnetic field will largely prevent these contaminant electrons from reaching the phantom surface. The surface and depth dose were measured using the same Capintec PS-033 ion chamber and polystyrene phantom, modified to allow for horizontal depth dose measurements along the central axis of the beam [ Fig. 2(a) ]. The phantom surface was positioned to coincide with the center of the magnet at a SSD of ∼80 cm. This is a nonstandard SSD limited by the machine design. The transverse magnetic field purges the contaminant electrons from the treatment head, and the electron fluence, generated in the coil materials that reach the chamber, depends on the air gap between the coil material and the chamber surface. Thus, the measured surface dose in these experiments may be insensitive to the SSD. Since the sensitive volume of the Capintec PS-033 ion chamber is embedded in the acrylic body of the chamber by design, potential error inducing air gaps 19 may only occur between the buildup material and the top of the entrance window. However, given the low (0.22 T) magnetic field, the errors due to air gaps were considered negligible for these transverse magnetic field measurements.
Experimental measurements of surface and buildup dose in a parallel configuration were facilitated by two solenoid electromagnets (model 3472-70, GMW Associates, San Carlos, CA). The two coils, placed on top of one another, provided a 26.5 cm deep, 17.5 cm diameter common bore, and a magnetic field strength of 0.21 T at the center. A custom-built wooden stand supported these magnets. The stand with the magnets was placed on the floor and the common bore was centered in the 6 MV photon beam of the Varian Silhouette unit. This setup resulted in the center of the bore being 183 cm from the radiation source, which ensured that the magnetic field would not affect the operation of the clinical linac. The magnetic field strength varied from 0.21 T in the center of the electromagnet bore to ∼6 Gauss at the linac exit window, thus most of the contaminant electrons originating in the treatment head were located in the region of fringe magnetic field. These contaminant electrons were not as strongly confined by the weaker fringe magnetic field, and the coil materials absorbed most of the contaminants remaining in the beam.
A small size PTW Markus ppic (PTW, Freiburg, Germany) was embedded in another custom-built polystyrene phantom that fits inside the electromagnet's bore. The phantom used a rail design so that the ion chamber could be reproducibly stepped down, with varying thicknesses of buildup on top. The phantom surface coincided with the top of the electromagnets at a SSD of ∼170 cm [ Fig. 2(b) ]. Most parallel magnetic field measurements used a field size of 8.5 × 8.5 cm 2 at the surface of the phantom so as not to irradiate the electromagnet's coil structure directly, thereby reducing the unwanted scatter in the measurements. We also performed the same experiment using a 5.1 × 5.1 cm 2 field size but with the electromagnets powered off in order to study the influence of a smaller field size on the surface dose under the imitation coil.
2.B. Typical RF coil materials
Various RF coil materials were placed in the 6 MV photon beam for all three measurement setups described above. An imitation RF coil was approximated using a 1.5 mm thick sheet of polycarbonate, with 0.08 mm copper tape, and 0.9 mm sheet of Teflon to simulate the base, conductor, and cover, respectively, of a typical surface coil (Fig. 1  insert) . For this surface RF coil, the percent depth dose (PDD) curves were measured up to 2 cm depth. The surface dose increase, resulting from the following typical RF coil materials, was also investigated: 6 mm thick, single sheet, RF coil plastic cover [ Fig. 3 
2.C. Dose measurements using GAFChromic film
The surface dose effects of irradiating through a thin copper pipe (outer diameter 3.2 mm and inner diameter 1.5 mm), typically used as a conductor in birdcage type RF coils, were also investigated. As the thin copper pipe was comparable in size to the active volume of the PTW Markus chamber, and considerably smaller than the size of the Capintec PS-033 active volume, GAFChromic EBT3 film was used instead to measure surface beam profiles. A polystyrene phantom, that fits inside the parallel configuration electromagnet [Fig. 4(b) ], was designed and built with a central film plane for depth dose measurements. The film was calibrated using the Varian Silhouette unit, and the dose was calculated using the dual channel method outlined by Micke et al. 20 For each measured surface profile, two pieces cut from the same EBT3 film sheet were used: one piece was placed on the phantom surface (surface film) and the other along the central plane (depth dose film) of the polystyrene phantom. The surface film was carefully taped to the polystyrene phantom to minimize air gaps, while the depth dose film was taped and sandwiched between the two halves of the polystyrene phantom. Several measurements were acquired with the copper pipe placed at distances ranging from 0 to 5 cm from the surface of the phantom, using custom built holders placed outside the radiation beam. These measurements provided the surface dose profiles normalized to D max of the open beam depth dose film. For the measurements in a transverse magnetic field, the phantom was placed on its side and centered in the beam with its height raised using an appropriate thickness of Styrofoam [ Fig. 4(a) ]. The measurements with no magnetic field used the same setup as shown in Fig. 4 (b) but with the electromagnet turned off. For both setups, the surface dose profiles were extracted parallel to the x-axis (Fig. 4) along the center of the surface film. Increasing the separation between the phantom surface and the imitation coil mitigates this effect, as more of the secondary electrons produced in the imitation coil by the 6 MV photon beam scatter laterally, and thus, less dose is deposited to the surface and in the buildup region. However, even with a 10 cm separation, the surface dose is still doubled (40%) when compared to the open beam. Figure 6 compares the open field PDD with those measured with the imitation surface coil in the beam for our parallel magnetic field configuration. The open beam PDD with no magnetic field was also measured with the PTW Markus chamber using the setup shown in Fig. 2(b) , but with the electromagnet powered down. We normalized the data to the no magnetic field D max . This unshielded parallel magnetic field increases the surface dose of the open beam by altering the direction of contaminant electrons originating in the treatment head and within the long air column (170 cm SSD). Two processes contribute to the overall magnetic F. 5. Influence of the imitation surface RF coil on the surface and buildup dose of a 6 MV photon beam with NO magnetic field present. The indicated separation is between the imitation RF coil and the surface of the phantom. field effect. First, the electrons with a tendency to scatter laterally will experience a Lorentz force that reduces their scatter out of the beam. 15, 21 Any contaminant electron with a directional vector not perfectly parallel to the local magnetic field will spiral around the magnetic field lines and thus have a reduced lateral scatter. The second process results from the fringe magnetic field lines of the electromagnet that converge toward the center of the bore. Since the center of the bore is aligned with the beam CAX, contaminant electrons' spiral will be directed along the converging fringe magnetic field lines toward the center of the beam. This concentration of contaminant electrons, in the parallel fringe magnetic field, toward the center of the beam is responsible for the ∼10% surface dose increase and a small increase in dose at 1 mm depth. The same effect was responsible for the surface dose increase simulated by our group 7 and by the Australian group 12 although using completely different magnetic field configurations. With the imitation RF coil placed directly on the phantom, the apparent bolus effect raises the surface dose to 76%. As expected, when irradiating in the presence of a parallel magnetic field, increasing the separation between the RF coil and the surface of the phantom no longer decreases the surface and buildup dose. The strong magnetic field confines With the phantom in the center, adding the imitation coil may cause a slightly larger surface dose increase since the magnetic field at the top surface is lower (0.13 T) than at the center.
RESULTS AND DISCUSSION
3.A. Surface and buildup dose ion chamber measurements
When a transverse magnetic field is present (Fig. 7) , the imitation surface coil produces a similar bolus effect with the corresponding surface PDD at 74% of open field D max . However, the surface dose rapidly decreases as the separation increases between the surface of the phantom and the coil. Thus, with a separation of 3 cm and a transverse magnetic field, the surface and buildup dose increases are comparable to those obtained for a 10 cm separation and no magnetic field. This accelerated surface dose reduction is due to the electron return effect. 9 The electrons produced in the imitation coil have their largest directional component perpendicular to the main magnetic field causing their trajectories to curve away from the surface of the phantom. For example, the radius of curvature of 2 MeV electrons in 0.22 T perpendicular magnetic field is approximately 0.5 cm. Thus, the transverse magnetic field effectively sweeps the contaminant electrons, produced in the RF coil, away from the surface of the phantom if given enough separation.
The shape of the buildup dose in Fig. 3 of the paper 17 by Hoogcarspel et al. conceptually agrees with the results presented in the current study although Hoogcarspel et al. calculated the dose using a treatment planning software at 1.5 T instead of measurement. Figure 8 presents a summary of the surface dose effects caused by the imitation surface RF coil and the other investigated RF coil materials. The case without magnetic field used the experimental setup of Fig. 2(b) With no magnetic field [ Fig. 8(a) ], all the investigated materials display a similar trend with the surface dose being reduced by an increasing separation between the coil material and the surface of the phantom. When positioned right against the surface of the phantom, the 6 mm thick plastic cover and the RF coil casing result in the highest surface doses of 87% and 83%, respectively. Even the low density RF coil foam padding increases the surface dose to 63% when placed, as it would be in a practical situation, in direct contact with the surface. The RF coil copper conductor by itself is responsible for approximately 20% surface dose increase when placed in close proximity (0-3 cm) to the polystyrene phantom.
3.B. Surface only dose ion chamber measurements
In the parallel magnetic field, for zero separation, all the RF coil materials produce dose increases similar to the ones measured with no magnetic field present. Increasing the separation between coil material and surface, however, no longer decreases the surface dose appreciably. In fact, except for the 0.1 mm copper conductor, a slight (1%-4%) surface dose increase is noticed for surface to coil separations between 0 and 3 cm. A noticeable decrease in surface dose occurs only for a 10 cm separation. This effect is due both to the parallel magnetic field confining the spread of the electrons produced in the coil material and the converging fringe magnetic field concentrating these contaminants toward the center of the magnet, thus increasing the CAX dose since the center of the magnet bore is aligned with CAX. Increasing the separation between the coil material and the surface of the phantom will initially allow more electrons from the edges of the irradiated part of the coil to reach the central axis. If the separation is increased further, some of these electrons have a higher chance to interact within the air or to scatter laterally and thus to be effectively removed from the beam. Moreover, by increasing the separation, the coil material moves toward the fringe magnetic field of lower strength (from 0.13 T at the surface of phantom to 0.08 T at 10 cm separation). Thus electrons produced in the material are not as efficiently concentrated toward the center of the beam by the weaker fringe magnetic field; however, this is a small effect. Figure 8 (c) shows the surface dose rapidly decreasing with increasing separation between coil materials and phantom surface, with the same materials placed in the beam path in the presence of a transverse magnetic field. With a 5 cm separation, the surface dose increase was at most 10% compared to the open beam case, for all investigated RF coil materials placed in the beam. For the imitation RF coil placed at 10 cm distance from the phantom, there was virtually no surface dose increase. This implies that for this large separation, all the contaminant electrons produced in the coil materials were swept away from the phantom surface by the transverse magnetic field. For surface coils, however, this large separation between coil and patient surface is not advisable as it will decrease image quality considerably. change the surface dose of a beam passing through an RF coil in the presence of a parallel magnetic field, based on the results from Fig. 8(b) . For a transverse configuration and with increasing separation between the coil and the patient surface, however, the surface dose will decrease even faster than that in Fig. 8(c) . Figure 10 summarizes the surface dose profiles measured perpendicular to the long axis of a thin copper pipe. Irrespective of magnetic field, a direct contact between the film and the copper pipe gives the highest surface dose (64%-70% of D max ). As the distance between the copper pipe and the phantom surface increases, the surface dose decreases and spreads out laterally. The surface dose increase is between 4% and 2% for separations from 3 to 5 cm and no magnetic field [ Fig. 10(a) ].
3.C. Surface dose GAFChromic film profiles
In the parallel magnetic field [ Fig. 10(b) ], the open beam profile dose increases symmetrically around the CAX. The open beam profile with a parallel magnetic field is no longer flat due to the parallel fringe magnetic field concentrating the contaminant electrons toward the beam center. Adding the copper pipe in the beam produces extra electrons that contribute to the surface dose and at the same time shields the surface from some of the contaminant electrons originating above the pipe. As such, the relative increase in dose is slightly smaller for all the separations when compared to the no magnetic field case.
In a transverse magnetic field, the previously observed lateral electron return effect 10, 22 can be seen on the positive x direction [see Fig. 4 (a) for axis orientation] of the surface beam profile in Fig. 10(c) . The lateral electron return effect is caused by the polystyrene phantom being smaller than the size of the uncollimated radiation field. The surface dose due to the lateral electron return effect is greater in magnitude than the increase caused by placing the small copper pipe in the radiation beam. The surface dose, due to the copper pipe with zero separation, is approximately the same as for the case without magnetic field (64% of D max ). For a separation of 5 cm, only a slight (1.1% of D max ) attenuation is observed at CAX. The transverse magnetic field also deflects the secondary electrons produced in the pipe toward the positive x direction causing an asymmetry in the surface dose profile. When the pipe is in direct contact with the film, the electrons scattered from the pipe in the positive x direction are curved away from the film plane while the ones scattered in the negative direction are curved toward the film. This causes the pipe profile to have a sharper drop off in the positive x direction. As the copper pipe is moved away from the surface of the film, the electrons scattered in the negative x direction actually curve under the pipe and some of them deposit their dose on the positive side.
This leads to the observed dose overshoot in the positive x direction.
CONCLUSIONS
Irradiating through a surface RF coil, during a linac-MR treatment, will increase the surface and buildup dose considerably, regardless of magnetic field presence or orientation. The use of solenoidal or bird cage RF coils, which can be positioned several centimeters away from the patient skin, mitigates the surface dose increase for the transverse magnetic field orientation. In the parallel configuration, the surface dose stays relatively high regardless of patient to coil distance, only slightly decreasing for separations >5 cm.
To avoid overdosing the patient skin, the RF coil materials and their positioning with respect to the patient are the important factors to consider. The effect of coils on dose distribution could be accounted for by integrating the coils in the treatment planning and dose calculation in the presence of magnetic field. However, this could prove difficult as the RF coil location and the exact configuration of materials within must be accurately known. The use of RF coils with radiation windows that allow unobstructed irradiation of the patient for various beam angles would also not increase the entrance skin dose. Another potential solution to reduce the skin dose is to design and use RF coils with thin, low-density materials, which reduce the number of secondary electrons produced by the high energy photon beam in the RF coil materials. Ideally, being able to irradiate through the RF coil, at any beam angle, with the least amount of impact on the surface and buildup dose, would allow for the greatest flexibility in treatment planning, setup, and delivery.
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